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Introduction
The treatments of soft tissue damages and disorders have traditionally focused on lessening their related symptoms through pharmacotherapy, surgery or physiotherapy in an attempt to improve patients' quality of life [1] [2] [3] . More recently efforts have been directed towards regeneration of such damaged tissues; herein, tissue engineering plays a key role, especially in areas such as the central nervous system regeneration, which seemed unapproachable until amazing findings in the last three decades [4] [5] [6] [7] proved that neurogenesis existed in the adult brain. Some current approaches in nervous system tissue engineering are based on the graft of stem or differentiated cells [4, [8] [9] [10] , sometimes supported with bioactive molecules. For instance, mature Schwann cells have been broadly used already for neurological treatments, inasmuch they mediate myelination of peripheral nervous system axons and contribute to regeneration after injury by differentiating and proliferating. Moreover, they produce neurotrophic factors (like BDNF or NGF), cell adhesion molecules (NCAM, integrins, L1CAM) and extracellular matrix proteins (laminin or collagen) which could theoretically support axonal growth by creating a milieu propitious to regeneration [11] .
However, a number of studies showed that most cells grafted this way in a host lack a tridimensional context able to guide axonal regrowth in order to regenerate neuronal pathways.
For this reason, cell therapy assisted by three-dimensional scaffolds, which can act as drug carriers as well, has been widely studied [12] in order to maximize the chance of cell survival and growth. Specifically, for nervous system tissue engineering, the use of guidance tubular structures (commonly named as nerve conduits) is one of the more promising approaches [13] .
Theoretically, a tubular structure could act as an axonal bridge between two ends of a damaged nerve or neural tract, allowing proliferation of glial cells and axonal regeneration within its lumen [14, 15] . Therefore, an ideal material for this purpose should have a channeled and porous structure in order to be permeable to nutrients, neurotrophic factors or other signaling molecules of the environment. Nevertheless, the conduit wall should be impermeable to cells, to isolate the grafted cells from the feasible host immune response in order to support their growth along the material. Besides, biodegradable scaffolds are preferred, as they would progressively disappear, being substituted by new extracellular matrix while the tissue is being regenerated [13, 16] .
Biopolymers like polysaccharides and other extracellular matrix components are among the few candidate materials that can lead into constructs gathering all the properties of an ideal nerve conduit [17, 18] .
Hyaluronic acid (HA) is an interesting material because of its inherent cell-friendly properties. HA is a natural glycosaminoglycan, major component of the extracellular matrix, composed of repeating units of β-1-4-D-glucuronic acid and β-1-3-N-acetyl-D-glucosamine [19] [20] [21] . This polymer has many advantages for its use in tissue engineering, as it is biocompatible, biodegradable, useful as a drug release system, and its degradation products have been described as angiogenic and beneficial for cellular proliferation [22] [23] [24] . Several problems concerning the use of HA hydrogels for tissue engineering can be overcome by chemically crosslinking the polymer chains in order to improve their mechanical properties and handling of the material [25, 26] without compromising their biological performance. Through these chemical modifications, HA hydrogels can be cast in molds to form stable and insoluble nerve conduits. Moreover, post-processing techniques like lyophilization contribute to obtain porous substrates for cells to proliferate and interact with [27] [28] [29] .
In this work, a novel tubular porous biomaterial based on crosslinked HA combined with SCs in its lumen is proposed as guidance conduit for regeneration of nervous pathways. The main objective of this work is to critically compare and assess the physicochemical and biological effect of two key factors during HA scaffolds manufacture: stock HA-DVS formulations and post-processing drying. This study extends previous findings [30] where threelayered porous HA conduits with 400 μm-lumen diameter, prepared starting from a fixed HA concentration in the solution and lyophilized were presented. Here we address the effect the initial HA concentration and of the drying procedure on the porous structure of the conduits, the diffusion of small and large molecules through the resulting HA network, and its degradation.
Further we prove that the engineered Schwann cell structure reported previously obtains also when the diameter is more than doubled.
Materials and methods

Preparation of hyaluronic acid conduits
The synthesis of neural conduits of crosslinked HA with a three-layered wall porosity was carried out based on the procedure previously described [30] , with the following variations affecting HA concentration and lyophilization. Here, 3 and 5% wt/wt hyaluronic acid (from Streptococcus equi, 1,5-1,8 MDa, Sigma-Aldrich) solutions in 0.2M sodium hydroxide (NaOH; Scharlau) were prepared by gently mixing for 24 h. Then, the HA was crosslinked with divinyl sulfone (Sigma-Aldrich), as described by Balazs [31] , at a 90% molar ratio (9 DVS moles per 10 moles of HA monomeric units), after stirring for 10 seconds, and pouring the mixture in a grooved mould.
The mould, made of polytetrafluoroethylene (PTFE) and with 2 mm squared-section grooves, was intended for obtaining the tubular conduits, using a 1 mm-diameter poli-ε-caprolactone (PCL; Polysciences) fiber as template of the inner channel (400 μm in 30). 2 mm-diameter PTFE washers were set in the ends and the center of the PCL fiber.
Solutions were allowed to gel for 30 (5% HA) or 60 min (3% HA) and subsequentely frozen at -20ºC for a minimum of 5 h. From that point, conduits were produced under two different conditions: lyophilization and conventional drying (hereafter termed non-lyophilized samples).
The first set was lyophilized (LyoQuest 85, Telstar Life Science Solutions) for 24 h at -80ºC and 20 Pa, while the second set was air-dried at room temperature for 15 h. Then, the PCL fibers were removed from the conduits, and there were swollen in distilled water for 2 h.
Finally, the PCL fibers were extracted and the conduits were washed in a 50:50 acetone:water mixture for the first 48 h and with distilled water for 3 days, changing the rinsing solution every 24 h in order to remove unreacted DVS and NaOH. Four different scaffold types were thus obtained, according to the HA starting concentration and the drying method, labeled as HA3L (3% lyophilized HA), HA5L (5% lyophilized HA), HA3nL (3% non-lyophilized HA), and HA5nL (5% non-lyophilized HA).
Preparation of hyaluronic acid discs
Following the procedure described above, lyophilized 3, 3.5, 4, 4.5 and 5% HA membranes and air-dried (non-lyophilized) 3 and 5% membranes of 1-2 mm thickness were obtained by casting the reactant HA solutions onto Petri dishes and allowing to gel for between 2 (for 3% membranes) or 1 h (for 5% membranes) at 37ºC. The membranes were die-cut into small discs of 5 mm diameter. The discs were labelled 3L, 3.5L, 4L, 4.5L, 5L (lyophilized) and 3nL, 5nL
(air-dried) to differentiate samples from conduits.
Morphological characterization of HA conduits
Lyophilized and air-dried conduits were observed by scanning electron microscopy (SEM, Hitachi S-4800, Hitachi High-Technologies Canada Inc., Toronto, Canada). Materials were gold-coated and pictures of longitudinal and transversal sections of them were taken at a 10 mm working distance and 10 kV.
Density and porosity measurements
Density and porosity of the HA3L, HA5L, HA3nL and HA5nL conduits (N = 4) were gravimetrically determined with the density kit of a precision balance (AE-240, Mettler Toledo, Greifensee, Switzerland). The conduits were weighted both dry (mass md) and immersed in noctane (Sigma-Aldrich, density ρo = 0.703 g/cm 3 ) (mass mim), and Archimedes' principle was used as in equation 1, where ρHA is the density of the material. The scaffolds' pores were previously filled with n-octane under vacuum for 5 min to ensure that the solvent filled their pores.
= (1)
The pore volume fraction, π, was determined with equation 2, by weighting samples when their pores were filled with n-octane but not immersed in the solvent, mdo.
Degradation and stability assays
An enzymatic degradation assay on crosslinked HA was performed with 3 and 5% air-dried and 
Diffusion assays
In order to evaluate the wall permeability of the conduits produced, the diffusion of bovine serum albumin (BSA, Roche) and glucose (Sigma-Aldrich), taken here as neural model molecules for metabolites and nutrients, respectively, was assessed. Four different conduit types (HA3L, HA5L, HA3nL and HA5nL) were used in this experiment, using 4 replicates of each one. One end of the conduits was sealed with a 5% HA via-DVS crosslinking solution. Once gelled, the conduits' lumen was filled with 7 μl of a concentrated BSA (30 mg/ml) or glucose (100 mg/ml) solution and the other end was sealed likewise. Materials were then placed in a multiwell plate, whose wells were filled with 1 ml of deionized water, and the plate was sealed and incubated at 37ºC. Aliquots of half the volume of the well were taken at different times, and the volume withdrawn was replaced with fresh deionized water. Concentrations of BSA and glucose aliquots were determined by means of colorimetric assays, using the BCA protein assay kit (23235, Thermo Scientific, Barcelona, Spain) and glucose oxidase reaction [32] , respectively. Briefly, 1 mL of BCA mix was added to 1 mL of the sample and incubated 1 h at 60ºC. Then, absorbance was read at 562 nm in a Victor Multilabel Counter 1420 (Perkin Elmer, vol. proportion with the sample and, after 5 min of reaction at room temperature, absorbance was measured at 505 nm. According to the established procedure, BSA or glucose released cumulative mass at each time n was calculated following equation 4, ma being the aliquot mass.
The released cumulative mass data were fitted to a diffusion model. The model is that of a long hollow cylinder of inner and outer radius ra and rb, respectively, with an initial concentration of solute inside, immersed in a solution and with the following initial and boundary conditions:
where C0 is the initial solute (glucose or BSA) concentration and C1 refers to the medium. Fu et al [33] proposed equation 5 to describe the fickian diffusion of such a problem, considering similar diffusive properties for both the cylinder wall and the liquid inside it.
Herein, Mt is the weight difference relative to the starting value, M∞ is the weight difference attained at very long times, D is the Fick's diffusion coefficient and αn is the n th positive root satisfying 0 ( ) = 0, J0 being the zero-order Bessel function of first kind. Mathcad software (PTC, Needham, USA) was used to calculate both the D parameter for the best fit with the 5 th first αn roots and the standard error of such data regression, sreg.
Sanitization of the materials
HA3L, HA5L, HA3nL and HA5nL conduits were immersed in 70º, 50º and 30º ethanol solutions for 2h, 10 min and 10 min, respectively. Afterwards, 3 rinses of 10 min with type-1 water were done to remove the ethanol, and the conduits were left overnight with culture medium at 37ºC before starting the biological assays.
Cell seeding on conduits
Rat Schwann-cell medium was next added to each well. The culture environment was maintained at 37ºC and 5% CO2 for 14 days, changing the medium every 48 h.
Cell viability and proliferation
The ( and 5% CO2. The plate containing the samples was shaken the first and last 5 min of the incubation time to ensure the MTS solution and its product were homogenously distributed inside the lumen. Then, two aliquots per well were placed in a new 96-well plate and absorbance at 490 nm was read. Since the gap between cells' behavior when cultured in 2D and 3D platforms has been widely studied already, making them both incomparable, the use of coverslips as control was intentionally avoided.
Live and dead cell rate was evaluated over culture time using a LIVE/DEAD assay kit (Life Technologies, Barcelona, Spain). Cultured conduits were rinsed three times in PBS for 5 min each and the dye solution (Ethidium homodimer 4 µM and calcein in DPBS 2 µM) was added and incubated for 45 min at 37ºC, in absence of light. Samples were observed under an epifluorescence microscope (Nikon Eclipse 80i).
Cell morphology analysis
Immunocytochemistry was performed after 14 culture days. Cells were rinsed three times with 
Statistical analysis
All experiments in this study were performed at least three times (unless otherwise specified) and the data are presented as mean ± standard deviation (SD). For the density, porosity and MTS assay data, an ANOVA test together with a multiple sample mean comparison (Tuckey's HSD test with a significance degree of 95%) was performed to reveal significant differences between conditions. When significant differences were found between sample variances (s 2 ), paired Student's t-tests were used instead of Tuckey's HSD test. All tests were performed with the Statgraphics Centurion XVI statistics software (Statpoint Technologies, Warrenton, USA).
Surface characterization of hyaluronic acid conduits
The fabrication method described in the present work allowed to obtain 6 mm-long, squarecross section scaffolds of 2 mm side, with a 1 mm-diameter inner cylindrical channel.
Morphology and porosity as seen by SEM is given in Figure 1 . The longitudinal channel edges are highlighted with a dashed white line in images A to D. The air-dried conduits showed a smooth surface without pores, while the lyophilized group had a distribution of interconnected honeycomb-like pores of around 60 μm in diameter. HA5L conduits had a more regular and homogeneous structure than HA3L ones, which, in addition, were considerably softer when handling them. As for the lumen surface of lyophilized conduits (images C and D) the porosity is lower and with smaller pores (2 to 15 μm) than inside the walls (E and F). When hydrated, however, only the lyophilized conduits kept their integrity and similar dimensions. The hydrated non-lyophilized conduits swelled more water, compared to its dry condition, and they were considerably more sensitive to pressure tearing. 
Density and porosity of the conduits' HA matrix
The mean density values of the crosslinked HA polymer networks ranged between 1.17 and 1.42 g/cm 3 , with no significant differences between the groups of study (Figure 2A) , although a slight increase may be discerned for the high HA concentration groups. As for the conduits' porosity ( Figure 2B) , the drying procedure clearly influenced the pore volume fraction: all lyophilized conduits presented porosities above 83% whilst air-dried samples had porosities around 50% or smaller. The air-dried conduits had a defined lumen when hydrated, but their walls were more irregular and lost thickness. The lyophilized samples, by contrast, kept in the dry state a honeycomb pore structure across their thickness. Freeze-drying can lead to this particular structure in crosslinked HA, which in other cases has been obtained with porogenic techniques such as gas foaming, or injection in porogen templates. [34, 35] However, the unusual relation between water molecules and hyaluronic acid chains substructure and stiffness leads to changes in molecular conformation during the lyophilization that confers the conduits unique properties, as showed in Figures 1, 2 and subsequent assays [36] . The porosities of the non-lyophilized HA3nL and HA5nL samples were thus significantly lower.
Degradation and stability of conduits
Macroscopically, a faster degradation rate in 3L discs was observed (Figure 3) , compared with 5L ones. Figure 3A shows the size decrease of 3L samples relative to the control materials (incubated without enzyme), which kept their size constant. Controls were thus not photographed at all degradation times (in the image, they are placed below the corresponding enzymatically degraded sample). Contrarily, the size of 5L discs remained apparently stable over time in enzymatic medium. This fact was further confirmed microscopically by SEM images, Figure 3B to 3F, after 16 and 81 days of degradation. Figure 3C reveals an almost complete degradation of 3L samples after 16 days, when they were reduced to a few particles (encircled by a dashed line on the Figure) . 5L discs, however, kept their structural integrity after 3 months. They showed an increase in pores number and size over degradation time (images D to F), though, probably due to the mass loss following bulk hydrolysis. Because of this significant difference between lyophilized samples prepared from different starting concentrations, it was decided to follow the mass loss of samples prepared from intermediate concentrations as well. days, while 5L discs maintained their mass nearly constant (< 20% mass loss in 81 days).
Furthermore, a concentration-dependent effect was found for lyophilized samples, though not a direct function of the concentration, but greater for concentrations above 4%. As for the differences in the degradation rate with the drying procedure, the 3nL samples remained far more stable in terms of mass loss than the 3L lyophilized ones, whilst no significant differences were found when the HA concentration increased to 5 %. Since only the conduits which undergo lyophilization were remarkably affected by the enzyme over time, the most feasible explanation is that their highly porous structure permitted a higher bulk diffusion of the hyaluronidase to degrade the scaffold from the inside, whilst the more compact homogeneous structure of the air-dried conduits prevented the same bulk-type degradation. As for the lyophilized HA substrates (3L, 3.5L, 4L, 4.5L and 5L), their degradation rate is clearly HA concentration-dependent, probably due to the increase in structure homogeneity and honeycomb-like pores' wall thickness as the HA initial concentration increases, as it can be inferred from Figures 1C to 1F . Moreover, conduits made up of HA at 3%
wt/wt and lyophilized swelled considerably more immersed in pure water or buffer media than HA5L ones (see reference [30] ), implying more glycosidic bonds accessible to water molecules and, therefore, to the dissolved enzyme. This may lead to structural failures which fracture the 3D scaffold into fragments, easier to be degraded by the enzyme into simple oligosaccharides.
Even so, it looks like the enzymatic degradation has a critical point between 4 and 4.5% HA above which the hyaluronidase efficiency is somewhat lower and the conduits remain mechanically stable for longer. The modulation of the effective degradation time from a couple of weeks to several months just by modifying a simple synthesis factor (the HA concentration in the solution) represents a remarkable result, considering that scaffolds for regenerative medicine applications should degrade over the course of tissue regeneration to allow complete restoration by host tissue [37] [38] [39] .
Diffusion of molecules through the conduits wall
Diffusion experiments revealed a different release profile depending on whether the conduits had been previously lyophilized or air-dried, and such differences were also found between conduits of different HA initial concentration (3 or 5%). Figure 5 shows the percentage of the initial loaded mass that is released as a function of time (notice that the quantity represented as ordinate of these plots is not the left-hand side of equation (5)). The release kinetics for both BSA and glucose through the conduits' wall, as characterized by their diffusion coefficients, is similar, with D around 5 x 10 -10 m 2 /s, as listed in Table 1 . However, the tubes release a much smaller fraction of BSA (between 24% and 35%
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for HA3nL and HA5nL, respectively) than of glucose ( Figure 5A ). These low values of equilibrium BSA release may be due to protein-HA chain interactions, since HA interacts with several extracellular matrix proteins [40, 41] and BSA is a large molecule with many interaction sites. Since lyophilization and higher HA concentration in the preparation procedure lead to a higher macroporosity and homogeneity of the conduit's wall, HA5L conduits were those that allowed the maximum release of glucose and BSA.
Cell viability and proliferation
Absorbance of aliquots is directly proportional to the number of metabolically active cells, thus it can be said that the viability assays on SCs cultures ( Figure 6 ) revealed a higher cell survival and proliferation on HA5L conduits. There are little differences between HA3nL, HA5nL and HA5L conduits at day 1 of culture, but at longer culture times absorbance decreases in HA3nL
and HA5nL conduits, suggesting cell death or detachment. In HA3L conduits SCs kept a constant population density. In HA5L conduits, absorbance increased steadily along the experiment, reaching a mean value more than three times higher than after the first 24 h. The LIVE/DEAD assay (Figure 7) confirmed such results. Only a very small number of spherically-shaped cells were found in the lumen of HA3nL and HA5nL conduits after 14 days, stained in red. In the HA3L and HA5L groups, most of the cells showed green staining and were uniformly spread on the lumen surface, completely covering it in case of the HA5L conduits ( Figure 7D ) and largely in HA3L ones ( Figure 7B ). These results reveal that Schwann cells are able to spread and grow within the HA conduits'
internal channel for 14 days, regardless of the well-known HA low adherent properties [42] [43] [44] , but only in the lyophilized conduits HA3L and HA5L. In all cases, SCs remained confined inside the conduits' lumen during the whole culture span, but in the air-dried conduits the flatter surface was not a friendly environment to attach and proliferate. In contrast, the abundant pores in the lyophilized scaffolds represented a 3D substrate where to adhere and nourish through.
The pore size on the surface of the conduits' lumen is small enough to impede SCs migration through the porous wall, but permissible for fluid and nutrient flows guaranteeing cell viability inside the conduits. Thus, these conduits may act as a vehicle for protected cell transplantation in the organism.
In the culture conditions within the HA5L conduits SCs could proliferate to the extent of making a dense thin SC sheath, uniformly coating the lumen's surface, composed of multiple SCs tightly joined together. The issue of the lumen diameter is critical and must be stressed at this point, since both the radius of curvature of the surface and the proper weight of the number of cells forming the cylinder sheet represent important challenges. The results here reported prove that the singular cell structure which was previously obtained in conduits of 400 μm-inner diameter 30 can also be generated when the diameter of the scaffold's channel is more than doubled.
The methodology herein presented can consequently be used to create biohybrids containing a sheath of longitudinally aligned SCs, where other cell types (such as neural precursors), drugs and growth factors [45, 46] can further be incorporated, to finally conform an implantable construct for neural regeneration.
Conclusions
Synthesis parameters of HA conduits were studied for their commitment on the biological performance of the conduits with SCs, in view of their use as neural conduits. The concentration of HA in the reactive mixture and the post-gelation drying procedure (air-drying vs.
lyophilization) were analyzed. Their effect on the enzymatic degradation rate, swelling behavior and molecule permeability across the conduits' wall were assessed, and cultures of Schwann cells within the conduits were studied for cell viability, proliferation, phenotype and morphology.
Lyophilization leads to easier-to-handle highly porous structures, through which nutrients and waste products could flow easier than in tighter air-dried ones. The initial HA concentration can be used to tailor swelling and degradation rate. The HA5L formulation resulted in conduits with well-connected honeycomb-like pores, with trabeculae able to withstand the structure collapse during drying. Such a stable porous structure allowed diffusion of molecules but impeded seeded cells to migrate through the conduit's wall. Further it supplied the seeded cells with adhesion sites required for proliferation. Thus, Schwann cells could colonize completely the lumen to eventually form a continuous thin sheath of tightly joined cells.
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